Ca2+ Dependence of Dark- and Light-Adapted Flash Responses in Rod Photoreceptors  by Gray-Keller, Mark P & Detwiler, Peter B
Neuron, Vol. 17, 323–331, August, 1996, Copyright 1996 by Cell Press
Ca21 Dependence of Dark- and Light-Adapted
Flash Responses in Rod Photoreceptors
Mark P. Gray-Keller and Peter B. Detwiler adaptation. It is also uncertain whether the adapted
state of the receptor is set by Ca21 acting alone or inDepartment of Physiology and Biophysics
conjunction with steady light (Nicol and Bownds, 1989;University of Washington School of Medicine
Rispoli and Detwiler, 1989, Biophys. Soc., abstract; Ris-Seattle, Washington 98195
poli et al., 1993). In other words, is the relationship be-
tween Ca21i and various properties of the flash response
the same in darkness as it is in steady light? To addressSummary
these issues, electrical recordings were combined with
simultaneous optical studies using a fluorescent Ca21Light adaptation is thought to be orchestrated by a
indicator, Indo–dextran, to measure Ca21i in isolated rodCa21 feedback signal that desensitizes the response
outer segments (ROSs). The Ca21 dependence of ad-by speeding recovery. To evaluate the role of Ca21 in
aptation was determined by relating the Ca21i levelsadaptation, we compared the effect of lowered Ca21
measured on different intensity backgrounds to the ob-on response properties in darkness and during adap-
served changes in the sensitivity and kinetics of super-tation. Internal Ca21 was reduced from its normal rest-
imposed flash responses. Similar changes in Ca21i wereing dark level (535 nM) by either background illumina-
made in the dark to evaluate the influence of steadytion or exposure to Ringer’s solution containing low
light on the relationship between Ca21i and the flashCa21 and/or cyclic GMP–gated channel blockers in
response.darkness. Ca21 reductions in light decreased the acti-
vation gain of the transduction process and speeded
Resultsrecovery kinetics, while equivalent Ca21 reductions in
darkness caused similar gain reduction without accel-
The Ca21 dependence of background adaptation waserating recovery. This indicates that adaptational
studied in functionally intact ROSs, dialyzed via whole-changes in the response are not due purely to feed-
cell voltage clamp with standard internal solution con-back effects on recovery.
taining 1 mM GTP, 5 mM ATP, and 0.1 mM Indo–dextran
(Gray-Keller and Detwiler, 1994). Under these condi-
Introduction tions, GTP provided by the dialysis solution supports G
protein activation and continuous synthesis of cGMP
Sensory adaptation is a characteristic feature of all sen- by endogenous guanylyl cyclase (Sather and Detwiler,
sory receptors, but the underlying cellular mechanisms 1987). The steady production of cGMP opens CNG
of adaptation are not well understood. In vertebrate pho- channels and gives rise to a standing inward dark cur-
toreceptors, flash responses adapted by constant back- rent that is suppressed by light activation of phosphodi-
ground illumination are desensitized, reach peak earlier, esterase (PDE). The resulting light responses have the
and recover sooner than responses in the dark (Baylor same sensitivity, kinetics, and adaptational properties
and Hodgkin, 1974). These changes are attributed to as those recorded from intact rods (Rispoli et al., 1993).
negative feedback mechanisms that accelerate the re- The traces in Figure 1 show representative recordings
covery process and curtail the full development of the from dialyzed ROSs to illustrate the basic protocols that
photoresponse, causing it to be both smaller and faster. were used in the present study. All experiments began
The feedback events that give rise to this are thought after 10 min of whole-cell dialysis with a series of dim
to be triggered by the fall in intracellular Ca21 (Ca21i) that test flashes to evoke dark-adapted responses at two
occurs during light exposure (Matthews et al., 1988; different intensities (3 and 10 Rh*/flash). The average
Nakatani and Yau, 1988; Pugh and Altman, 1988; Fain responses to the different test flashes superimposed
et al., 1989; Fain and Matthews, 1990; Yau, 1994). The when normalized to the same peak amplitude (see Fig-
decline in Ca21 that accompanies the light response ures 4C and 4D), which was equivalent to scaling by the
(McNaughton et al., 1986; Ratto et al., 1988; Korenbrot relative difference in flash intensities, consistent with
and Miller, 1989; McCarthy et al., 1994; Gray-Keller and them being linearly related. Figure 1A shows an example
Detwiler, 1994) is reported to regulate the lifetime of of a standard protocol in which, after recording the dark-
various transduction intermediates (Torre et al., 1986; adapted responses, a step (closed triangle) of ultraviolet
Kawamura and Murakami, 1991; Rispoli and Detwiler, (UV) light was delivered to measure Ca21i in darkness.
1992; Hsu and Molday, 1993; Kawamura, 1993; Lagnado In another protocol, the dialyzed outer segment was
and Baylor, 1994; Gordon et al., 1995; Chen et al., 1995; exposed to continuous background illumination, and
Jones, 1995), stimulate the resynthesis of cyclic GMP Ca21i was measured during the steady background after
(cGMP) (Pannbacker, 1973; Lolley and Racz, 1982; Pepe recording superimposed light-adapted flash responses
et al., 1986; Koch and Stryer, 1988), and act as the (Figure 1B). Like the dim flashes given in the dark, the
adaptation signal controlling both the sensitivity and intensities of the test flashes given on the different back-
kinetics of the adapted flash response (Fain et al., 1989; grounds were adjusted to evoke linear responses. In
Fain and Matthews, 1990; Matthews, 1995, 1996; Kou- all protocols, the UV step used to excite Indo–dextran
talos and Yau, 1996). Although there is general fluorescence and measure Ca21i also activated the trans-
agreement that Ca21 participates in adaptation, there duction cascade, triggering a supersaturating step re-
sponse that terminated the experiment. Internal Ca21i atare no direct measurements of the Ca21 dependence of
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Figure 1. Representative Current Record-
ings from Four ROSs Show the Standard Pro-
tocols Used to Study the Ca21-Dependence
of Dark- and Light-Adapted Flash Responses
After 10 min of internal dialysis with solution
containing 1 mM GTP, 5 mM ATP, and 0.1
mM Indo–dextran, each trace begins with a
series of dim test flashes (3 and 10 Rh*/flash)
to probe sensitivity under dark control condi-
tions. Each trace ends with a saturating step
of UV illumination(closed triangle) to measure
Ca21i by exciting Indo–dextran fluorescence
(see Experimental Procedures). Internal Ca21
was measured either in darkness (A), during
steady background illumination after re-
cording responses to superimposed test
flashes (B), or in darkness after recording test
flash responses in Ringer’s solution con-
taining either calcium that had been reduced
from 1 to 0.25 mM (C) or 100 mM tetracaine
(D), a CNG channel blocker. Test flash intensi-
ties in dark and light were adjusted to evoke
linear responses under all conditions.
the time of UV exposure was estimated from the initial from 4 to z4000 Rh*/s, suppressing circulating current
by z10% to >90%, respectively.ratio of 405 and 500 nm fluorescence calculated over the
z25 ms delay that precedes the onset of the electrical The Ca21i levels measured with Indo–dextran are in
good agreement with values estimated using theresponse (Gray-Keller and Detwiler, 1994). The specific
conditions of a given experimental protocol were stan- Na1:Ca21,K1 exchanger as a Ca21 indicator. This is shown
by the solid line in Figure 2A drawn through the darkdardized and repeated on 3–14 different ROSs. Mean
dark- and light-adapted responses were calculated for and background data based on the Ca21 dependence
of exchange current using the equationeach experiment, and the results of all experiments us-
ing the same protocol were pooled to yield an overall
jexhaverage for each condition. 3 KM
JmaxCa21i 5 1 C (1)Background Light Adaptation Jexh1 2Background illumination suppressed circulating current Jmax
and reduced Ca21i from a dark level of 535 6 22 nM (n 5
14) to mean values that ranged from 411 to 75 nM, in which Km 5 900 nM, Jmax 5 217.8 pA, C 5 53 nM (the
minimum Ca21i measured in saturating light), and jexh 5depending on background light intensity (see Figure 5A).
Figure 2 shows the relationship between Ca21i and 8.3% of the steady-state current, as reported previously
(Gray-Keller and Detwiler, 1994).steady-state current in darkness (closed circles) and
during six different backgrounds (open circles). The re- The effects of background illumination on the flash
response are shown in Figure 3. Each pair of traces insults of these and other experiments are plotted against
absolute current in Figure 2A to give an indication of column A compare mean responses to test flashes in
the dark (thin trace) and during one of the six differentthe cell-to-cell variability. The same data are shown in
Figure 2B where the mean values of each type of experi- intensity backgrounds. The mean Ca21i level determined
during each background is given in the left margin. Toment are plotted against the fractional change in circu-
lating current. The intensity of the backgrounds ranged take into account the difference in the level of circulating
Ca21 and Adaptation
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Figure 2. The Relationship between Ca21i
and Circulating Current in Darkness and dur-
ing Steady Light
(A) The results of individual Ca21i measure-
ments from 77 ROSs are plotted against ab-
solute current determined under control con-
ditions in darkness (closed circles), during six
different intensities of background illumina-
tion (open circles), or in darkness when ROSs
were exposed to Ringer’s solution containing
reduced Ca21 in the presence and absence
of CNG channel blockers in the following con-
centrations: 0.5 mM Ca21 (open inverted trian-
gles), 0.25 mM Ca21 (closed inverted trian-
gles), 0.1 mM tetracaine (open squares), 0.1
mM diltiazem (closed squares), 0.25 mM Ca21
plus 0.1 mM tetracaine (open triangles), and
0.25 mM Ca21 plus 0.1 mM diltiazem with (closed triangles) and without (open diamonds) 5 mM ATP in the dialysis solution. The solid line is
a theoretical calculation of Ca21i assuming that 8.3% of the current is associated with the Na1/Ca21,K1 exchanger, which has a Ca21 affinity
of 900 nM (see Gray-Keller and Detwiler, 1994).
(B) Mean Ca21i values for each condition are plotted against the fractional change in circulating current. The intensity of the backgrounds
(open circles) were 4, 15, 71, 338, 1192, and 3567 Rh*/s, which suppressed the current by z10% to >90% for the dimmest to brightest
backgrounds, respectively. Fractional changes in current are equal to 1 2 Ix/Irest, in which Irest is the resting value of the circulating current and
Ix is the steady-state value of the current during either background illumination or exposure to modified Ringer’s solution. Negative values
for fractional change represent increases in circulating current. Note that the 0.25 mM Ca21 Ringer’s solution (closed inverted triangles) caused
less than a 2-fold increase in current, while the channel blockers tetracaine (open squares) and diltiazem (closed squares) suppressed the
current similar to the 15 and 71 Rh*/s backgrounds, respectively. The solid line is a second order regression through the dark control (closed
circles) and background data (open circles). In both (A) and (B), the dashed lines delineate the range of Ca21i that resulted from the manipulations
in darkness, which includes the three dimmest background intensities (4 to 71 Rh*/s). In this and Figures 5 and 6, error bars represent the
SEM and are not drawn when smaller than the plotted symbol.
current in darkness and steady light, as well as differ- 5B and against the mean Ca21i levels measured on the
different intensity backgrounds in Figure 6 (open cir-ences in the intensities of the test flashes used in the two
conditions, the dark- and light-adapted flash responses cles). While all four response parameters were reduced
by background illumination, amplification and sensitivityare plotted as percent suppression of existing circulat-
ing current per Rh*. This provides a measure of sensitiv- behaved differently than time to peak and half-recovery
time. Amplification and sensitivity decreased with eachity that was reduced by background illumination in an
intensity-dependent manner. The changes in response increase in background intensity, changing by as much
as 16- and 50-fold, respectively, over the backgroundkinetics that are associated with reductions in sensitivity
during adaptation aremore apparent when the response intensity range studied. In contrast, time to peak and
half-recovery time reached their minimum values, aboutpairs in Figure 3A are compared after being normalized
to the same peak amplitude (Figure 4A). The traces show a 2-fold reduction, with the third dimmest background
(71 Rh*/s), but unlike sensitivity and amplification, didthat background illumination shortened the time to peak
and recovery time of the flash response. not decrease further with brighter backgrounds. The
relationship between background intensity and the rela-To evaluate the adaptational changes in the flash re-
sponse more fully, activation, sensitivity, time to peak, tive changes (R) in amplification and sensitivity, but not
time to peak and half-recovery time, were fitted by theand half-recovery time of dark- and light-adapted re-
sponses were determined as shown in Table 1, which Weber–Fechner relation
also lists the mean values for the average dark-adapted
1dim flash response. The activation events in the trans-
R 5 (3)
duction cascade were characterized as described by I
1 11 2Lamb and Pugh (1992) by fitting the early rising phase Io
of flash response with a delayed parabola
in which I is background intensity and Io is the intensity2F(t) 5 e(20.5*F*A(t2teff) ) (2)
that causes a 0.5 relative change. The Io values for ampli-
fication and sensitivity were 118 and 24 Rh*/s, respec-in which F is the fractional suppression of the circulating
current, F is the number of Rh* per flash, and A is a tively. This value of Io for changes in sensitivity is higher
than in toad rods, z4–10 Rh*/s, but is within the rangecomposite parameter that provides a measure of the
initial amplification of the transduction cascade. The for mammalian rods, z30–50 Rh*/s (Tamura et al., 1992).
The difference in the behavior of activation and sensi-term teff is the sum of all the delays in activation and had
a mean value of 44 6 8 ms. Previous studies have shown tivity versus time to peak and half-recovery time is also
apparent when these parameters are plotted againstthat the activation gain is constant for flash intensities
up to z105 Rh* (Lamb and Pugh, 1992) and is reduced Ca21i. The Ca21i dependence of amplification and sensi-
tivity were described by Hill equations with n 5 3.1,during background adaptation (Jones, 1995). The rela-
tive changes in A and the three other response parame- K0.5 5 214 nM and n 5 4.4, K0.5 5 312 nM, respectively
(shown by solid lines in top two panels of Figure 6). Thisters are plotted against background intensity in Figure
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Figure 3. Ca21i Reductions in the Dark Do Not
Reproduce All the Effects of Light Adaptation
Each panel of superimposed traces compare
the mean responses elicited by a 10 Rh* flash
in darkness (thin trace) and either during dif-
ferent levels of backgroundillumination (A), or
in the presence of different external solutions
used to lower Ca21i in darkness (B). Back-
ground intensities were 4, 15, 71, 338, 1192,
and 3567 Rh*/s (top to bottom); flash intensit-
ies used during the different backgrounds
were 10, 10, 19, 83, 170 and 330 Rh*/s (from
dimmest to brightest background, respec-
tively). The Ringer’s solutions used to lower
Ca21i in darkness contained 0.5mM Ca21; 0.25
mM Ca21; 0.25 mM Ca21 plus 0.1 mM tetra-
caine; 1 mM Ca21 plus 0.1 mM tetracaine; 1
mM Ca21 plus0.1 mM diltiazem; and 0.25Ca21
plus 0.1 diltiazem (from top to bottom); flash
intensities used during the dark manipula-
tions were 10, 10, 10, 19, 19, and 10 Rh*. All
panels show average responses from three
to six cells and are plotted as percent sup-
pression of light-sensitive current per Rh*.
Values in the margin give the mean Ca21i mea-
sured for each condition.
was not true of time to peak and half-recovery time, backgrounds (4, 15, and 71 Rh*/s). Both tetracaine and
diltiazem (open squares and closed squares, respec-which reached minimum values at 257 and 363 nM Ca21i,
respectively, and were not reduced by furtherdecreases tively) reduced both circulating current and Ca21i to a
similar extent as the 15 and 71 Rh* backgrounds. Thein Ca21i.
external solutions that contained low Ca21 with or with-
out CNG channel blockers produced similar reductionsCa21i Reductions in Darkness
Since background illumination reduces internal Ca21 and in Ca21i while causing less than a 2-fold increase in
circulating current (Figure 2, triangles). Larger Ca21i re-causes continuous activation of the transduction cas-
cade, we investigated whether the effects of lowered ductions in darkness were not made to avoid potential
problems associated with greater increases in circulat-Ca21i on the flash response are the same in darkness as
they are in steady light. Ca21i was decreased in darkness ing current and cGMP concentration (see Matthews,
1995).by reducing Ca21 influx through CNG channels by using
either channel blockers (tetracaine or diltiazem), low The effect of lowering Ca21i in the dark on the flash
response is shown by the pairs of traces in Figure 3B,Ca21 Ringer’s solution (0.5 or 0.25 mM Ca21), or a combi-
nation of both. Representative experiments of this type which compare mean dark-adapted responses in nor-
mal Ringer’s solution (thin trace) and after switching toare illustrated in Figure 1, which shows whole-cell re-
cordings before and after switching to Ringer’s solution one of the modified Ringer’s solutions that reduced Ca21i
to the mean values listed in the right margin. While thecontaining either reduced Ca21 (Figure 1C) or tetracaine
(Figure 1D). The effects of these and other modified different methods for lowering dark Ca21i decreased the
activation rate and sensitivity of the flash response byRinger’s solutions on circulating current and Ca21i in
darkness are plotted in Figure 2. The different external about the same extent as equivalent Ca21i reductions
produced by background illumination, they did so with-bathing solutions reduced Ca21i in the dark from its nor-
mal resting level to mean values that ranged between out accelerating time to peak or recovery time. This
difference between the effect of Ca21 reductions in402 and 218 nM (dashed lines), corresponding roughly to
the changes in Ca21i associated with the three dimmest steady light and darkness is illustrated further in Figure
Ca21 and Adaptation
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Figure 4. Ca21i Reductions in Darkness and
Steady Light Have Different Effects on Re-
sponse Kinetics
Responses in Figures 3A and 3B were nor-
malized to the same peak amplitude and are
replotted in columns (A) and (B), respectively
(same order from top to bottom as in Figure
3). (C) shows the average responses (n 5 14)
to 3 and 10 Rh* flashes under control condi-
tions in darkness, plotted as percent sup-
pression of light-sensitive current. (D) dem-
onstrates that the two different intensity
flashes in (C) evoked linear responses that
superpose when normalized to the same
peak amplitude as was also observed for re-
sponses in column (B).
4, in which the responses have been normalized to the by decreasing the number of activated rhodopsin mole-
cules (Lagnado and Baylor, 1994) ina manner equivalentsame peak amplitude. Each pair of traces compare
mean responses recorded when Ca21i is at its normal to dimming the light. The Ca21 dependence of the four
response parameters listed in Table 1 are plotted inresting dark value (thin trace) and at a level lowered
using either background light (column A) or modified Figure 6 for both dark- and light-adapted flash re-
sponses. The data show that Ca21 reductions in the darkRinger’s solution in darkness (column B). It is clear that
Ca21i reductions in darkness did not mimic the effect of mimicked the effects of light adaptation on response
amplification and sensitivity, but not on time to peaksteady light on response kinetics. Only one of the six
manipulations shorten time to peak and recovery time and half-recovery time. This result does not agree with
Matthews (1995) who reports that Ca21 controls bothsimilar to background light; exposure to Ringer’s solu-
tion containing diltiazem (Ca21i 5 279 nM) caused the amplitude and kinetics of the light response. The
reason for the discrepancy may be related to the factchanges in the response that resembled the effect of
the weakest background (Ca21i 5 411 nM). These that Matthews lowered Ca21i by exposing the rod to zero
Ca21 Ringer’s solution (<10 nM Ca21), which would causechanges were not seen, however, with any of the other
external solutions, including the combination of diltia- a large fall in Ca21i and strongly activate GC. As dis-
cussed by Matthews, the resulting rise in cGMP concen-zem and low Ca21 Ringer’s solution that reduced Ca21i
to 218 nM, its lowest value achieved in darkness. tration may artifactually alter the characteristics of the
flash response by saturating PDE and producing electri-Dark-adapted responses in normal and low Ca21i su-
perposed when normalized to the same peak amplitude cal nonlinearities due to changes in membrane potential.
These problems were avoided in the present study by(Figure 4B). That these responses were matched in most
cases by linear scaling suggests that lowering Ca21i in clamping membrane voltage and using external solu-
tions that contained no less than 0.25 mM Ca21. Thesethe dark reduces the gain of the transduction process
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Table 1. Four Parameters of the Dim Flash Response
Parameter Units Mean SEM
(1) Amplification s22 0.09 0.01
(2) Sensitivity % suppression/Rh* 1.9 0.2
(3) Time to peak s 1.27 0.05
(4) Half-recovery time s 0.83 0.04
The mean values (6 SEM; n 5 14) of the basic properties of the
average flash response (3 Rh*) for dark-adapted ROSs under control
conditions, plotted as percent suppression of circulating current
per Rh*, were assessed as follows. Amplification (1) was obtained
by fitting equation 2 (dashed line) to the initial portion of the rising
phase up to the inflection point determined by taking the first deriva-
tive of the response. Sensitivity (2) was defined by the peak ampli-
tude of the response. Time to peak (3) was measured from the
beginning of the 20 ms flash (time zero). Half-recovery time (4) was
measured from the peak of the response to 50% recovery. The
average Ca21i measured in these cells was 535 6 22 nM.
solutions with or without channel blockers reduced Ca21i
by <60% and increased dark current by <2-fold, corre-
sponding to a substantially smaller elevation of cGMP
Figure 5. Background Illumination Reduces Ca21i and Alters the Ba-(z20%) than expected in Matthews (1995).
sic Characteristics of Superimposed Flash Responses
(A) The mean Ca21i values are shown for ROSs maintained in dark-Discussion
ness (closed circle) as well as during continuous exposure to the
six different backgrounds (open circles) described in the legend of
The prevailing view of light adaptation is that internal Figure 2. The line drawn through the points is a third order poly-
Ca21 when lowered by background illumination de- nomial.
(B) Amplification, sensitivity, time to peak, and half-recovery timecreases thesensitivity of the flash response by triggering
were determined as described in Table 1 and are plotted relativenegative feedback mechanisms that speed the recovery
to the dark-adapted values for the six different backgrounds. Theprocess. Our results show, however, that Ca21 regulates
two lower lines were drawn according to the Weber–Fechner rela-the activation gain of the transduction cascade and that
tionship with Io values of 118 and 24 Rh*/s for amplification and
this makes a major contribution to the overall desensiti- sensitivity, respectively. The line relating time to peak and half-
zation that occurs during background adaptation. Ac- recovery time to background intensity is drawn by eye.
celerated recovery kinetics also contributes to back-
ground desensitization, but this is not due purely to a
fall in Ca21i, since changes in the kinetics of the adapted (1992, 1994) who used the duration of a saturating flash
response are not reproduced when internal Ca21 is low- response as a measure of sensitivity and showed that
ered in darkness. the period of saturation produced by a strong flash is
reduced by steady light, consistent with the gain of the
transduction process being reduced by adaptation. ThisCa21-Sensitive Gain Control
Our results agree with a number of previous reports of was supported by Jones (1995) who analyzed flash re-
sponses with the Lamb and Pugh (1992) model of activa-gain control at an initial stage in the transduction pro-
cess. This was suggested by Rispoli and Detwiler (1989, tion kinetics and showed that amplification was reduced
by light adaptation. Our results confirm and extend theseBiophys. Soc., abstract) based on the observation that
flashes delivered in the dark during sustained activation observations by linking the adaptational changes in gain
to a Ca21-regulated mechanism and by providing anof the transduction cascade with GTPgS evoked re-
sponses that were desensitized but did not show the estimate of the calcium sensitivity of the underlying
process.changes in recovery kinetics that were associated with
an equivalent level of desensitization during steady light. We show here that Ca21i reductions in both darkness
and steady light reduce the initial slope of the risingA similar conclusion was reached by Pepperberg et al.
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kinetic parameters (kcat and Km) of PDE that control the
contribution of PDE to the amplification constant. Sec-
ond, changes in the lifetime of the two principal gain-
generating components in the transduction cascade
(Rh* and PDE*) would have a negligible influence on the
earliest portion of the rising phase of the response (Pugh
and Lamb, 1993). This point is supported further by the
observation that ROSs depleted of ATP, a procedure
expected to prolong the lifetime of Rh*, showed the
same Ca21 dependence of amplification as ROSs dia-
lyzed with solution containing ATP (Figure 6, open dia-
monds). This suggests that the effect of lowered Ca21i
on activation gain is not the consequence of an ATP-
dependent binding or phosphorylation reaction. Third,
while Ca21i has been proposed to play a role in light
adaptation (Hsu and Molday, 1993) by shifting the K0.5
of the CNG channel, this would have no influence on
amplification. A steady-state increase in cGMP binding
affinity, which by this proposal would be expected to
accompany the fall in Ca21i produced by a background
step, would have no affect on the amplitude or time
course of the fractional change in circulating current of
a superimposed flash response.
From the above discussion, it seems most likely that
the Ca21-sensitive gain control mechanism affects either
the formation of Rh* or the efficiency of its catalytic
activation of G protein. This agrees with Lagnado and
Baylor (1994) who reached a similar conclusion on the
basis of experiments on truncated rods which showed
that low Ca21i reduced the rising phase of the light re-
sponse.
Figure 6. The Relationship between Ca21i and Four Properties of
the Dim Flash Response in Darkness and during Steady Light
Sensitivity Is a Complex Variable
The Ca21 dependence of amplification, sensitivity, time to peak, and
The brightest background used in the present studyhalf-recovery time are plotted relative to the mean values for the
reduced Ca21i by z8-fold and desensitized superim-dark-adapted flash response (closed circles) listed in Table 1. Each
posed flash responses by z50-fold. The decrease ingraph also illustrates the effects of reducing Ca21i in steady light
(open circles) and darkness (symbols as described in the legend of sensitivity was substantially greater than the decreaseof
Figure 2). In the top two graphs, the solid lines are the Hill equation activation gain (z16-fold) or the acceleration of kinetics
fitted to the data during background illumination using the following (z2-fold). Ca21i reductions in the dark, which exploredvalues for K0.5 and n: 214 nM and 3.1 (amplification), and 312 nM
a more limited range of Ca21 levels (402–218 nM), alsoand 4.4 (sensitivity). In the bottom two graphs, the lines through
caused larger changes insensitivity than in amplificationthe background data points were drawn according to a third order
or time scale. Since sensitivity is a measurement thatpolynomial (time to peak) and to eye (half-recovery time).
depends on the peak amplitude of the response, it will
be influenced by the initial gain of the activation process
as well as by the kinetics of the events that terminatephase of the flash response. When normalized to Rh*,
the early onset of the response represents a measure the cascade. This is shown in Figure 7, which compares
the observed changes in sensitivity during backgroundof the instantaneous amplification of the transduction
cascade (Lamb and Pugh, 1992; Pugh and Lamb, 1993). illumination and during Ca21 reductions in the dark with
those estimated by the product of the change in amplifi-The Ca21 dependence of gain is similar in darkand during
steady background illumination, where both are de- cation (DA) and thechange in kinetics, where the change
in time to peak (Dtpeak) was used as an overall indicatorscribed by a Hill equation with n 5 3.1 and K0.5 5 214.
How Ca21 regulates amplification is unclear. The fact of response kinetics. The figure shows that DA * Dtpeak
could account for the small changes in sensitivity thatthat low Ca21 reduces transduction gain to slow the
onset of the response suggests that it acts on the activa- were caused by either weak backgrounds or Ca21 reduc-
tions in dark, but significantly underestimated the de-tion pathway that couples Rh* to PDE stimulation and
closure of CNG channels rather than on feedback mech- gree of desensitization caused by stronger back-
grounds. This suggests that there is at least a thirdanisms that come into play at later times to orchestrate
the recovery of the response. While there are a number variable that participates in setting the sensitivity of the
strongly adapted flash response. To make the observedof potential candidates in the activation pathway that
could participate in Ca21-sensitive gain control, some and calculated desensitizations during the strongest
background equivalent, the proposed third variableof these are unlikely to be involved for the following
reasons. First, there is no evidence that Ca21 affects the would only have to undergo a z2-fold reduction relative
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Experimental Procedures
Detached retinal ROSs were isolated from dark-adapted Gecko
gecko lizards using infrared illumination and dialyzed under whole-
cell voltage clamp as describedpreviously (Rispoli et al., 1993; Gray-
Keller and Detwiler, 1994). The internal filling solution of the pipette
for control conditions contained 110 mM KAsp, 10 mM KCl, 6.05
mM MgCl2, 5 mM HEPES, 5 mM ATP, 1 mM GTP, and 0.1 mM
Indo–dextran (10 kDa dextran), adjusted to pH 7.40 with KOH; for
some experiments, ATP was omitted. Standard Ringer’s solution
contained 160 mM NaCl, 3.3 mM KCl, 2.8 mM HEPES, 1 mM CaCl2,
and 1.7 mM MgSO4, adjusted to pH 7.4 with NaOH. For Ringer’s
solution designed to reduce Ca21i in darkness, CaCl2 was reduced
to 0.5 mM or 0.25 mM with or without 0.1 mM additions of either
diltiazem or tetracaine, cyclic nucleotide–gated channel blockers
(Quandt et al., 1991; Haynes, 1992). All chemicals were obtained
from Sigma (St. Louis, MO), except Indo–dextran, which was pur-
chased from Molecular Probes (Eugene, OR). ROSs were stimulated
with flashes (20 ms) or continuous steps of 520 nm light having an
unattenuated light intensity of 9.6 3 105 photons/mm2/s. Stimulus
intensity is reported as the number of Rh*, using an effective collect-
ing area for Gecko ROSs of 22.8 mm2 (Sather, 1988). Test flash
Figure 7. Observed versus Calculated Changes in Sensitivity intensities were adjusted to elicit responses that suppressed <20%
of the circulating current and were within the linear range of theLog-log plot compares the changes in sensitivity observed during
stimulus–response relationship (see Figures 4C and 4D). Ca21i wasbackground illumination (circles) and during Ca21 reductions in the
determined as described previously (Gray-Keller and Detwiler,dark (same symbols as in Figure 2) with those calculated as the
1994). In brief, Indo–dextran fluorescence was excited by a stepproduct of the change in amplification (DA) and change in kinetics
of UV light (365 nm), which also excited rhodopsin, resulting in a(Dtpeak). Solid lines show first order regression (bold) and 95% confi-
saturating electrical response. A snap shot of the Ca21i level atdence interval. Dashed line is a straight line with slope of 1. Error
the time of UV exposure was determined from the initial ratio of thebars representing SEMs are drawn when larger than plotted symbol.
intensity of 405 nm and 500 nm fluorescence computed over the
z25 ms delay that preceded the onset of the electrical response.
The fluorescence ratio was converted into Ca21 concentration using
to its value in darkness. By considering sensitivity to be the following in vivo calibration constants for Indo–dextran, Rmin 5
0.32 6 0.01 (n 5 6), Rmax 5 3.9 6 0.2 (n 5 7), and K* 5 961 6 161the product of a number of factors, it is possible to
nM (n 5 17). Since it was possible to make only a single Ca21understand how the overall dynamic range of back-
measurement per cell, a given experiment was repeated on several
ground desensitization may be orders of magnitude different ROSs and the electrical responses and measured Ca21
larger than the dynamic range of the changes in each values were averaged. All numbers show mean 6 SEM. Temperature
of the contributing factors. was 168C 6 18C.
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